SnapShot: Intraflagellar Transport  by Cole, Douglas G. & Snell, William J.
SnapShot: Intrafl agellar Transport
Douglas G. Cole1 and William J. Snell2
1University of Idaho, Moscow, Idaho, USA, 2UT Southwestern Medical Center, Dallas, TX, USA
784 Cell 137, May 15, 2009 ©2009 Elsevier Inc. DOI 10.1016/j.cell.2009.04.053 See online version for legend and references.
Protein
 Mutant or Knockdown Phenotype/
Interactions and functions
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IFT144 (Cr), DYF-2 (Ce), 
WDR19 (Mm), OSEG6 (Dm)
Moderate ciliogenesis (Cr, Ce); retrograde IFT 
defect (Cr, Ce)
IFT140 (Cr, Mm), CHE-11 
(Ce), OSEG3 (Dm)
Moderate ciliogenesis (Cr, Mm, Ce, Dm); 
retrograde IFT defect (Cr, Ce)
IFT139 (Cr), ZK328.7 (Ce), 
THM1 (Mm), (absent in Dm)
Moderate ciliogenesis (Cr, Mm); retrograde IFT 
defect (Cr)
IFT122 (Cr), DAF-10 (Ce), 
WDR10 (Mm), OSEG1 (Dm)
Moderate ciliogenesis (Cr, Ce, Dm); retrograde 
IFT defect (Cr, Ce)
IFT121 (Cr), IFTA-1 (Ce), 
WDR35 (Mm), OSEG4 (Dm)
Moderate ciliogenesis (Ce)/interacts with 
IFT43 (Cr, Hs)
IFT43 (Cr, Mm), (absent in 
Ce, Dm)
Interacts with IFT121 (Cr, Hs)
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IFT172 (Cr, Mm), OSM-1 
(Ce, Dm)
Strong ciliogenesis (Cr, Mm, Ce)/interacts 
with EB1 (Cr); turnaround of IFT machinery at 
distal tip (Cr)
IFT88 (Cr), OSM-5 (Ce), 
Polaris/Tg737(Mm), NOMPB 
(Dm)
Strong ciliogenesis and anterograde IFT 
defect (Cr, Ce, Mm, Dm)/interacts with IFT52 
(Cr), IFT46 (Ce), Hsp40 (Mm)
IFT81 (Cr, Ce), CDV-1R (Mm), 
(absent in Dm)
Moderate ciliogenesis (Ce)/interacts with 
IFT74/72 (Cr, Hs)
IFT80 (Cr), CHE-2 (Ce), 
WDR56 (Mm), OSEG5 (Dm)
Strong ciliogenesis (Ce)
IFT74/72 (Cr), IFT74 (Ce), 
CMG-1 (Mm), (absent in Dm)
Moderate ciliogenesis (Ce)/interacts with 
IFT81 (Cr, Hs)
IFT70/DYF-1 (Cr), DYF-1 (Ce, 
Dm), TTC30A/B (Mm)
Moderate ciliogenesis (Cr, Ce)/regulates OSM-
3-mediated anterograde IFT (Ce)
IFT57 (Cr, Dm), CHE-13 (Ce), 
HIPPI (Mm)
Moderate ciliogenesis causing shortened cilia 
(Cr, Ce)/interacts with Huntingtin-interacting 
protein (Mm), IFT20 (Mm), Apoptin (Mm)
IFT52/BLD1 (Cr), OSM-6 (Ce, 
Dm), NGD5 (Mm)
Strong ciliogenesis and anterograde IFT defect 
(Cr, Ce)/interacts with IFT46 (Cr), IFT88 (Cr)
IFT46 (Cr, Mm), DYF-6 (Ce), 
CG15161 (Dm)
Strong ciliogenesis and anterograde IFT 
defect (Cr, Ce)/interacts with IFT52 (Cr), IFT88 
(Cr), ODA16 (Cr, Mm); transports outer dynein 
arms (ODA) into cilia (Cr)
IFT27 (Cr), RABL4 (Mm), 
(absent in Ce, Dm)
Moderate ciliogenesis (Cr); strong repression 
of IFT genes (Cr); cell-cycle defect (Cr)
IFT25 (Cr), HSPB11 (Mm), 
(absent in Ce, Dm)
IFT22 (Cr), IFTA-2 (Ce), 
RABL5 (Mm), (absent in Dm)
Ciliogenesis unaffected (Ce); DAF-2 signaling 
pathway defect (Ce)
IFT20 (Cr, Mm), Y110A7A 
(Ce), CG30441 (Dm)
Strong ciliogenesis (Mm); Golgi to cilia traf-
fi cking defect (Mm)/interacts with GMAP210 
(Mm), IFT57 (Mm), KIF3B (Mm)
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FLA10 (Cr), KLP-11 (Ce), 
KIF3A (Mm), KLP64D (Dm)
Strong ciliogenesis and anterograde IFT de-
fect (Cr, Ce, Mm, Dm)/interacts with FLA8 (Cr), 
KLP-20 (Ce), KIF3B (Mm), KLP68D (Dm)
FLA8 (Cr), KLP-20 (Ce), 
KIF3B (Mm), KLP68D (Dm)
Strong ciliogenesis and anterograde IFT defect 
(Cr, Ce, Mm)/interacts with FLA10 (Cr), KLP-11 
(Ce), KIF3A (Mm), KLP64D (Dm)
FLA3/KAP (Cr), KAP-1 (Ce), 
KAP (Mm, Dm)
Moderate to strong ciliogenesis (Cr, Ce, Mm)/
interacts with FLA10/FLA8 (Cr), KLP-11/KLP-20 
(Ce), KIF3A/3B (Mm), KLP64D/KLP68D (Dm)
OSM-3 (Ce) Moderate ciliogenesis (Ce)/forms homodimer 
(Ce); required for anterograde IFT on singlet 
MTs (Ce); functions with heterotrimeric kine-
sin-2 on doublet MTs (Ce)
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Heavy Chain: DHC1b (Cr), 
CHE-3 (Ce), DHC2 (Mm), 
Beethoven (Dm)
Strong ciliogenesis and retrograde IFT defect 
(Cr, Ce, Mm, Dm)/forms homodimer (Cr, Mm); 
interacts with D1bLIC (Cr), D2LIC (Mm)
Light Intermediate Chain: 
D1bLIC (Cr), Xbx-1 (Ce), 
D2LIC (Mm), D2LIC/Dme (Dm)
Moderate ciliogenesis and moderate retro-
grade IFT defect (Cr, Ce)/interacts with DHC1b 
(Cr), DHC2 (Mm)
Intermediate Chain: FAP133 
(Cr), DYCI-1 (Ce), WDR34 
(Mm), CG9313 (Dm)
Interacts with LC8 (Cr)
Light Chain: LC8/DLC1 (Cr, 
Ce, Mm, Dm)
Moderate to strong ciliogenesis and strong retro-
grade IFT defect (Cr)/interacts with FAP133 (Cr)
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The Intraflagellar Transport Machinery
Intraflagellar transport (IFT) was first discovered in the biflagellated green alga Chlamydomonas. IFT is a conserved process in eukaryotes that assembles, maintains, 
and disassembles cilia and flagella, as well as supports the roles of these organelles in cilium-generated signaling. In this SnapShot, we use Chlamydomonas IFT as the 
canonical system, with some discussion of IFT in C. elegans, Drosophila, mouse, and human. The orientation of microtubules in the cross-sections of the flagellum and 
basal body is depicted as if viewed from inside the cell.
As observed by light microscopy, particles within flagella (IFT particles) move in the anterograde (tip-bound) direction with a velocity of ~2 µm/s; IFT particles moving 
in the retrograde direction are smaller than anterograde particles and travel at ~3 µm/s. Transmission electron microscopy has shown that the particles are 100–400 
nm linear arrays of discrete subunits attached to the B outer doublet microtubules and to the flagellar membrane. IFT particles are composed of two protein complexes, 
IFT-A with 6 protein subunits and IFT-B with 13 protein subunits. IFT-B proteins IFT81 and IFT74/72 form a tetrameric complex that may act as a scaffold in the assembly 
of the IFT-B complex. The arrays of IFT complexes are transported by two microtubule motors—kinesin-2 (anterograde) and cytoplasmic dynein 1b/2 (retrograde). The 
cilia of organisms harboring mutations in the retrograde motor or in IFT-A proteins are filled with IFT particles; organisms with mutations in the anterograde motor or in 
IFT-B proteins generally fail to form cilia. These observations suggest that IFT-A complexes are associated primarily with retrograde movement, whereas IFT-B com-
plexes are associated primarily with anterograde movement. The organization of IFT-A and IFT-B within IFT particles and their relationship to the discrete subunits seen 
by electron microscopy are poorly understood.
In C. elegans, IFT-A and IFT-B are regulated by proteins known to be among those that are mutated in Bardet Biedl syndrome (BBS) in humans. In mice, some BBS 
proteins are IFT cargo that also function in ciliary membrane production. During flagellar growth, components of the microtubule-based axoneme of the organelle are 
transported as IFT cargo from a staging area associated with the basal body to the flagellar tip, where they are released and become incorporated into the axoneme. The 
IFT complexes are then remodeled and immediately travel back to the cell body. At steady-state flagellar length, when net cargo entry and exit are equal, IFT particles 
continue to cycle into and out of the flagellum with one round trip taking 5–10 s. IFT complex entry is regulated during flagellar assembly and disassembly, with the 
number of cargo-free IFT complexes trafficking within the flagella increasing several-fold during flagella shortening. Because cilia are both motile and sensory organelles 
critical for multiple cellular and developmental processes, mutations in genes (including IFT genes) that lead to absent or morphologically altered cilia are associated 
with several ciliopathies and developmental disorders, including those associated with defects in the Sonic hedgehog signaling pathway in vertebrates. Reflecting a 
role in sensory transduction that may be direct, IFT complexes form larger assemblies during fertilization in Chlamydomonas and are essential for cilium-generated 
signaling within flagella.
Assembling and Remodeling the Intraflagellar Transport Machinery at the Basal Body and Flagellar Tip
At steady state, ~80% of the total cellular IFT complexes are in the cell body and enriched at the basal body. The basal body is a centriole-derived, microtubule triplet-
containing structure that templates the formation of the nine outer doublet microtubules in all cilia and flagella and the central microtubule pair of the axoneme in motile 
organelles. The nonmotile primary cilium present on most animal cells lacks a central pair of microtubules. At the base of the flagellum in the transition zone where the 
C-tubules of the basal body terminate and the doublet microtubules of the axoneme begin, the IFT complexes and possibly cargo interact with transition fibers that 
connect microtubule doublets and triplets to sites on the ciliary membrane (the ciliary necklace). This region, known as the ciliary pore, is proposed to function in regu-
lating entry of proteins into the organelle. In this IFT particle staging area, which contains a constantly refreshed pool of IFT complexes, the complexes bind to active 
kinesin-2, inactive cytoplasmic dynein 1b/2, and cargo (such as microtubule subunits, radial spoke subcomplexes, inner and outer dynein arm subunits). Kinesin-2 binds 
to an outer doublet microtubule and anterograde transport begins when several IFT complexes associated with motors and cargo sequentially enter the flagellum to 
form an array.
At the flagellar tip, where the microtubule track for kinesin-2 terminates, the motors and other cargo are released and the IFT machinery is again remodeled. In C. 
elegans, heterotrimeric kinesin-2 travels along doublet microtubules only; the distal singlet extensions of A tubules are tracks for a second homodimeric kinesin-2 IFT 
motor called OSM-3 (which can also move on doublet microtubules). During the initiation of retrograde transport, cytoplasmic dynein binds to the IFT complexes at the 
flagellar tip, becomes active, and binds to a microtubule track. New IFT-A and IFT-B associations form; cargo (including inactive kinesin-2) binds to IFT-A, IFT-B, or both, 
forming a new slightly shorter array of IFT complexes that then begins the trip back to the cell body.
Key Questions in Intraflagellar Transport
What regulates the number of IFT complexes per array? Do IFT-A and IFT-B form both heteromultimers and homomultimers within the arrays? What regulates cargo 
binding and the activity of kinesin-2 and cytoplasmic dynein? Does IFT particle movement occur in both directions on each of the doublet microtubules in the structur-
ally asymmetric axoneme (where the outer dynein arm is missing on one doublet, and beak structures and a two-part hinge are present on some doublets)? Although 
membrane proteins within flagella are moved by IFT, the Chlamydomonas flagellar membrane protein agglutinin does not require IFT for transport into existing flagella. 
Therefore, is the movement of most membrane proteins into cilia IFT independent? What couples axoneme assembly to the mobilization of lipid and protein components 
of the ciliary membrane and axoneme disassembly to the concerted retrieval of the ciliary membrane? Are IFT20 (a Golgi protein) and IFT27 (a protein essential to the 
cell cycle) the only IFT proteins with both IFT-dependent and (seemingly) IFT-independent functions?
Abbreviations
Cr, Chlamydomonas reinhardtii; Ce, Caenorhabditis elegans; Mm, Mus musculus; Dm, Drosophila melanogaster; Hs, Homo sapiens; MT, microtubule.
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